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(Received 11 April 2002; published 18 March 2003)115002-1We report significant enhancements in light coupling to intense-laser-created solid plasmas via
surface plasmon and ‘‘lightning rod’’ effects. We demonstrate this in metal nanoparticle-coated solid
targets irradiated with 100 fs, 806 nm laser pulses, focused to intensities 1014–1015 W cm2. Our
experiments show a 13-fold enhancement in hard x-ray yield (10–200 keV) emitted by copper
nanoparticle plasmas formed at the focal volume. A simple model explains the observed enhancement
quantitatively and provides pointers to the design of structured surfaces for maximizing such emissions.
DOI: 10.1103/PhysRevLett.90.115002 PACS numbers: 52.25.Os, 42.65.Re, 52.38.–r, 52.50.Jm5 mJ pulses with a contrast ratio of 10 on picosecond
time scales. p-polarized laser pulses are focused on tar-
the NP-void composite as a function of . Using the
generalized Bruggeman effective medium approximationThe interaction of intense, ultrashort laser pulses with
solid plasmas is a very important research area in basic
physics. It offers a unique opportunity for understanding
the explosive ionization of matter, for studies of physical
systems which possess high energy coupled with high
density, and for simulation of intrastellar conditions.
Such plasmas also offer great promise as micron-sized
sources of ultrashort x rays, in areas such as lithography
and time resolved diffraction [1,2]. Methods to enhance
the x-ray yield are of great importance, and the influence
of various laser and target conditions is widely investi-
gated. Preformed plasmas [3,4] yield significant enhance-
ments at the cost of an increase in the x-ray pulse
duration. Recent literature reports impressive enhance-
ments in soft [5] and moderately hard x-ray regions [6]
using structured surfaces, viz., gratings [5,7,8], ‘‘velvet’’
coatings [9], and porous and nanocylinder [4,8,10] tar-
gets. However, little attention has been paid to examining
ways of improving the very hard (>10 keV) x-ray yield,
a signature of hot electrons created in the plasma [11].
Enhanced x-ray yield, therefore, implies enhanced hot
electron production, an issue that is of immense interest
in inertial fusion research [12] and particle acceleration
[13]. In this Letter, we demonstrate a method to enhance
hard x-ray bremsstrahlung by coating nanoparticles (NP)
on optically smooth metal targets. We report a 13-fold
enhancement in the total emission in the 10–200 keV
range using copper NP-coated targets and show that
they yield hotter electrons in comparison to optically
polished, uncoated targets. These results are well ex-
plained by a simple model that invokes local electric field
enhancement. In addition, our model provides clear
guidelines to the design of surface microstructures that
would maximize hot electron and x-ray yields. The giant
enhancement in nonlinearity that such fractal structures
provide [14] and the ease of patterning of such targets can
prove invaluable in the design of efficient ultrashort x-ray
sources.
Our Ti:Sapphire laser system generates 806 nm, 100 fs,
50031-9007=03=90(11)=115002(4)$20.00 gets housed in a vacuum chamber at 103 Torr [15]. A
1 mJ pulse yields a peak intensity of 1:3 1015 W cm2
at a typical focal spot size of 40 m. The target is
constantly moved in order to avoid multiple laser hits at
the same spot. X-ray emission from the plasma is ob-
served in the plane of incidence, at 45 to the target
normal, with a NaI (Tl) scintillation detector, wherein
energy of the incident photon determines the amplitude
of the detector output, giving energy-dispersed yields in
the observed energy range. The detector efficiency is
100% in the range 10–500 keV [16] and has 6:1%
energy resolution at 661.6 keV. The detector is gated
with the laser pulse and the signal is collected only in a
time window of 30 s, to ensure background-free acqui-
sition [15]. The observed spectrum is essentially brems-
strahlung as the characteristic emissions are blocked by a
3-mm BK-7 window.
We use two types of Cu NP-coated targets, one with
spherical (inset in Fig. 1) and the other with ellipsoi-
dal nanoparticles (SNP and ENP, respectively). Their
emission is compared with highly polished copper tar-
gets. Cu nanoparticles are deposited by high pressure dc
sputtering [17] on polished copper disks (held at 0 C for
spherical particles and at 50 C for ellipsoids of aspect
ratio 1.5). The resulting nanocrystalline films are opti-
cally flat and 1 m thick. The crystallographic domain
size (dXRD) is obtained from x-ray diffraction line broad-
ening, using the Scherrer technique. For a film deposited
in 180 mTorr Ar environment at a sputtering power of
200 W, we obtain dXRD  15 nm. The aspect ratio is
obtained from a comparison of dXRD calculated from
(111) and (200) diffraction lines. The essentially specular
reflection spectra are measured (Fig. 1) using a Shimadzu
UV-2100 spectrophotometer.
The reflectivity data were fitted to the Drude model for
 > 650 nm, below which the interband transitions con-
tribute to the dielectric function. Assuming a constant
plasma frequency and with a collision frequency adjusted
for a best fit, we get the effective permittivity (0  i00) of2003 The American Physical Society 115002-1
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FIG. 2. Bremsstrahlung emission at 10. Inset: variation of
integrated emission with input laser intensity.
FIG. 1. Linear absorption spectra of polished and nanopar-
ticle coated targets. Inset: scanning electron micrograph of
SNP-coated target. The solid lines show Drude model fits.
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as 27 i33 and 27 i44:4, respectively, as opposed
to their bulk value 27 i2:5. Extensive studies have
been carried out on the variation of the dielectric constant
with particle size [19,20]. The real part of the dielectric
constant is shown to be unaffected in most systems,
unless the particle size is extremely small. The imaginary
part increases due to the limited electron mean-free path
in the NP. The imaginary parts obtained above are, how-
ever, much larger than the theoretically predicted values
[21] and this mismatch is possibly due to the factors such
as particle size distribution and dipole interactions be-
tween particles that are excluded in these calculations.
However, this discrepancy does not hamper the interpre-
tations of our results, as the model does not critically
depend on  under our conditions.
To elucidate the role of nanoparticles in hot electron
generation, we present data at two angles of incidence,
10 and 45. Figure 2 shows a comparison of bremsstrah-
lung emission at 10, measured at a solid angle of
720 sr, from the polished and SNP-coated targets irra-
diated at 2:0 1015 W cm2. The total energy emitted
per pulse in the above range from the polished target is
2:2 1012 J, whereas it is 1 1011 J from the NP-
coated target, assuming isotropic emission. It is clearly
evident that there are two temperature components (6 and
14 keV) in the spectrum from the NP-coated target, while
the higher component is at least 100 times weaker in the
emission from the polished target. The excess absorption115002-2caused by local field enhancements could result in the
higher temperature component as we show below.
Modification of electric field due to surface protrusions
has been well studied in connection with second har-
monic generation [22] and surface enhanced Raman scat-
tering [23]. At higher intensities, the field resonance is
known to be a major source of hot electrons in a cluster
plasma [24]. However, this idea has not been utilized so
far to understand the excess absorption of intense laser
light on modulated surfaces.
For simplicity, the NP target is modeled as a collection
of hemispheroids of permittivity , as shown in the inset
in Fig. 3(a). Consider a p-polarized wave front of ampli-
tude E, incident at an angle  to the major axis of the
spheroid. The model becomes much simpler with the
assumption that the field along the major axis alone
contributes to the enhancement. Thus, the resultant elec-
tric field at any point on the surface of the hemispheroid
becomes Er  EsurfL  E cosx^, where EsurfL is the locally
enhanced field and E cos is the tangential component of
the incident electric field on the metal surface. The en-
hanced local field on the surface of the spheroid is [22]
EsurfL  Lsurfk sin^  Lsurf? cos^E sin; (1)
where Lsurfk and L
surf
? are the local field correction factors
given by
Lsurf?  LR=

 1 LR

1 i 4
2V
33
1 

(2)115002-2
FIG. 3. (a) Enhancement factor at   806 nm as a function
of a=b for different metals, for b  7 nm. Lsurf? for   10
i30 (plasma ) is shown as stars. Inset: spheroidal model for
nanoparticle. (b) Variation of dielectric functions of bulk Cu
and ENP with intensity.
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lightning rod factor defined as LR  1 Q0=Q,
where   1 b=a21=2 and Q  =2 ln
1= 1  1. V is the volume of the spheroid.
The maximum enhancement occurs towards the tip of
the structure (low  values). The effective intensity at the
tip (  0) is
Ir  IinLsurf? 2 sin2 cos2: (3)
The local field correction factors have a resonant be-
havior with a=b, the aspect ratio of the spheroid, as
shown in Fig. 3(a). The dielectric constant  is assumed
to be a function of the particle diameter, viz. nano 
0bulk  i00bulk1 l=b, where l is the mean-free path of
the electrons [19]. As is evident, silver NPs with aspect
ratios close to the resonance values will yield greater
enhancement than similar ones of gold and copper,
although the absolute values could be affected by the
possible plasma screening effects for large aspect ratios.
Figure 3(b) provides the variation of dielectric functions
of bulk Cu and ENP with input laser intensity, derived
from self-reflectivity measurements similar to those in
[25]. The deviation from room temperature values oc-
curs only above 1014 W cm2. In Fig. 3(a), the resonance115002-3behavior depends on , although Lsurf? does not depend
critically on  for small a=b values. Thus, in the pres-
ent study, the room temperature values of  will be quite
good approximations in the calculations as Lsurf? will
be almost the same even for a drastically different plasma
 and the plasma shape remains intact as it is a femto-
second interaction.
Substituting the value of Lsurf? for the spherical particle,
we obtain Ir=Iin  1:4, at   10. Thus, the NP-coated
target is equivalent to a polished target with a rescaled
(enhanced) intensity. Figure 2 (inset) provides a compari-
son of the original data of yields from SNP and polished
targets with the data obtained by rescaling the points
for the NP target by Ir  1:4I, and they are in good
agreement.
Figure 4 presents a comparison of bremsstrahlung
emission, measured at a solid angle of 22 msr, from the
polished, SNP, and ENP-coated Cu targets irradiated at
45, at 6:0 1014 W cm2. The total energy emitted per
pulse from a polished target is 4:2 1014 J, while it is
5:7 1013 J using the ENP target, assuming isotropic
emission. This amounts to a 13-fold enhancement in hot
electron production. The spherical nanoparticles yield
1:4 1013 J, giving approximately threefold enhance-
ment as at 10. Two temperature components, 3 and
11 keV, are observed in the spectrum from both NP-
coated targets, whereas the higher component is hardly
present in the emission from polished target. That the
ellipsoidal nanoparticles give more than 4 times yield
than the spherical particles is easily understood from
Fig. 3 to be due to the enhancement of both lightning
rod effect and plasmon resonance. An intensity rescaling,
as above, gives Ir=Iin  9. The higher component Thot
obtained using the ENP target corresponds to that ob-
tained using a polished target at 9 1015 W cm2 (close
to the rescaled intensity for the ellipsoidal particle),
as reported in our earlier work [26]. Since our model
involves only an intensity rescaling, it does not assume
any particular absorption mechanism, and all absorption
scalings are equally applicable for NP targets as their
dimensions are much smaller than .
The field enhancements are also responsible for en-
hanced nonlinearities [14]. Thus, multiphoton ionization
in an NP target will be significantly enhanced, which in
turn results in denser plasma formation and excess energy
absorption. Because of the enhanced local fields and finite
size of the surface protrusions, the oscillation energy of
electrons reach a high value even at moderate intensities
[27], yielding bremsstrahlung and characteristic emis-
sions in hard x-ray regime, when they undergo collisions.
Intensity enhancements by the surface structures could
form preplasma for low contrast pulses, which in turn give
yield enhancements. In our case, however, preplasma
formation is negligible as the threshold intensity for
plasma formation is 1012–1013 W cm2 [28], quite above
our prepulse and pedestal levels, given our contrast and115002-3
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FIG. 4. Comparison of bremsstrahlung emission at 45. Solid
lines are temperature fits. Inset: Enhancement of emission with
a preplasma formed at various delays. The solid line is a guide
to the eye.
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model, it is important to show that such a preplasma
formation alone cannot explain the observed enhance-
ment. Figure 4 (inset) provides the yield enhancements
obtained from a polished target with an intentional pre-
plasma formed before the main pulse incidence, at differ-
ent delays. Intensities of the prepulse and main pulse were
5 1013 and 1015 W cm2, respectively. The maximum
enhancement, even with this strong a prepulse, is only
threefold, far below that yielded by the nanostructures.
Thus, it is evident that the nanostructures are preserved
until the main pulse. Further, it is expected that a pre-
plasma formation would destroy the structure and ad-
versely affect enhancement [9]. Thus, the observed
enhancements themselves substantiate the integrity of
the structure and the irrelevance of preformed plasma
in our case.
In summary, we report a 13-fold enhancement of the
total bremsstrahlung emission in the 10–200 keV range
from a copper nanoparticle-coated target in comparison
to an optically polished Cu target. A simple model of the
surface shows that enhancements in local electromag-
netic fields result in excess absorption and hotter electrons
that, in turn, enhance x-ray emission. Such enhanced115002-4emission is very attractive for practically viable hard
x-ray sources. Further, our model provides guidance
for designing better sources of ultrashort hard x-ray
pulses. The intensity levels we have used in this study
are quite modest and are easily available from modern
femtosecond lasers operating at multi-kHz repetition
rates, making applications of nanoparticle-coated targets
very promising.
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